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Abstract

Waves in the nearshore waters (~15m water-depth) of eastern Arabian Sea were simulated using
SWAN nested in WAVEWATCH 111 (WW3) for the year 2014. The sensitivity of the numerical
wave model WW3 towards different source term (ST) packages was tested. The performance of
WW3 was evaluated with the measured deep water buoy data at 15.0000° N, 69.0000° E. Overall, the
WWS3 wave hindcast results using ST4 physics in deep water show a reasonable match (r=0.97 and
SI=0.16) with the measured significant wave height (H). In deep water, a large overestimation
(~23.7%) of mean wave period was observed using ST2 compared to ~8.2% using ST4. Komen et al.
(1984) whitecapping formulation was found suitable based on the sensitivity studies of SWAN.
Simulated Hs using nested SWAN model shows good correlation (r=0.96) with the nearshore
measured data. During high sea state (Hs>2m), an overestimation (~19.8% for ST2 and ~21.4% for
ST4) and during low sea state (Hs<1m), an underestimation (~16.1% for ST2 and ~31.5% for ST4) in
mean wave period was observed in the nearshore. WW3 model forced by modified wind field (speed
increased by 5%) during June and July resulted in a reduction in underestimation of Hs from 8.6% to
2.2%.
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1. Introduction

Impending waves, which are generated by winds blowing over the sea are the most important
environmental force acting on the coastal and offshore structures (Chakrabarti, 2005). Hence, the
information on the wave parameters at a location is required in all ocean and coastal engineering
projects. The underestimation of wave heights at a location will lead to the failure of the structure
and the overestimation will lead to over-design and cost escalation of the project. The wave data
covering many years are required for estimation of the design parameters for the coastal and offshore
structures, but the measurement of wave parameters over the years at a specific location in the
coastal area is a difficult and expensive task. Due to the incompleteness of measured wave parameter
over a wide area, satellite observations and wave hindcast models play a key role in wave parameter
estimation (Shanas and Sanil Kumar, 2014). Wave hindcasts based on numerical models have
become a common tool to get the wave height (Cavaleri et al., 2007) and is currently the only
available tool that provides high-resolution (spatial and temporal) long-term wave information in
those areas with few or no measurements (Appendini et al., 2014), similar to the north Indian Ocean.
Many users depend on now-cast and ocean state forecast for marine related operations (Balakrishnan
Nair et al., 2013) and hence, accurate estimation of wave parameters is important. For the wave
hindcast, now-cast and forecast, numerical models such as Wave Action Model (WAM) (WAMDI
Group, 1988), WAVEWATCH Il (WW3) (Tolman, 1989; 1991), MIKE21 Spectral Waves (DHI,
2011), Simulating WAves Nearshore (SWAN) (Booij et al., 1999) are commonly used (Chawla et
al., 2007; Strauss et al., 2007; Remya et al., 2012; Sandhya et al., 2014; Samiksha et al., 2015).
WAM and WW3 are more suitable for global and regional scale modelling whereas SWAN is
suitable for the nearshore applications. Recently Ocean state forecast has gained much importance
and has become a more challenging task, considering the range of wide user community and varied
demands. Timely warnings and sea state information are needed by users such as navy, coastguard,
fishermen community, ports and harbours, industry and coastal communities. This challenging task
is done in India by Earth System Science Organisation-Indian National Centre for Ocean Information
Services (ESSO-INCOIS), Hyderabad. They use calibrated, state-of-the-art ocean models for this
purpose. Verification of model output is the most important element to gain confidence about the
model simulated parameters. It is very important from an operational point of view to quantify the

errors associated with a numerical model.

The Arabian Sea is the key region of strong air-sea interaction associated with the Indian summer
monsoon (June-September) (Shukla, 1975). Indian summer monsoon shows a wide range of

variability on the inter-annual and decadal scale but has its annual regularity (Goswami et al., 2010).



Waves in the eastern Arabian Sea show the seasonal variability due to the seasonality in the winds
(Sanil Kumar et al., 2012). Several wave hindcast studies were carried out in the Arabian Sea based
on different numerical wave models (Remya et al., 2012; Dora and Sanil Kumar, 2015; Samiksha et
al., 2015). The simulated wave parameters based on the MIKE21 model have been validated by
comparing with buoy and altimeter data by Remya et al. (2012) and the possible reason for the
poorer performance of the model in the Arabian Sea has also been pointed out by them. Nayak et al.
(2013) studied the non-linear interaction of distant long-period swells with the local wind-seas in the
south-western Bay of Bengal using SWAN coupled with WAM. Sandhya et al. (2014) integrated the
two modeling systems viz.; WW3 and SWAN to provide a very high-resolution forecast for
Puducherry region. Samiksha et al. (2015) used buoy data to verify the WAM model wave height in
the north Indian Ocean for the year 2000-2006 and observed that when the wave heights were
relatively small, WAM overestimates the significant wave height (Hs) and underestimates the Hs by
0.5to 1 m (12 to 25%) during the high sea states (Hs > 4 m).

Since the wave models are highly sensitive to wind field variations, the quality of numerical wave
hindcast depends to a large extent on the quality and the accuracy of the wind fields (Holthuijsen et
al., 1996; Moeini et al., 2012). Study of Kumar et al. (2000), for the Indian Ocean, reported that the
wave height and wave period estimation are dependent on the precision of the wind field used to
force the model. In most of the wave hindcast studies, the difference between model output and
measured parameters is due to the inaccurate wind field. A 10% error in the estimate of surface wind
speed can lead to a 10-20% error in the Hs (Cavaleri, 1994). Thus, the selection of appropriate wind
source is a vital step in the wave modeling. Moeini et al. (2010) used SWAN model for wave
hindcasting in the Persian Gulf using European Centre for Medium-Range Weather Forecasts
(ECMWF) winds and measured wind data. The wind field in the equatorial region is observed to be
inaccurate in the reanalysis data (Ji and Smith, 1995; Kelly et al., 1999; Putman et al., 2000; Kumar
et al., 2012). The BIAS, correlation coefficient, root mean square error (RMSE) and scatter index (Sl
in %) between the measured and the ECMWF wind data for the tropical Indian Ocean are 0.8 m/s,
0.57, 2.6 m/s and 52.5, respectively (Harikumar et al., 2013). The earlier studies have shown that
bathymetry is also an important factor (Chawla, 2007; Brown and Wolf, 2009). Hence, both

bathymetry and wind field are sensitive components for the numerical wave model.

At any given time, the eastern Arabian Sea contains swells from the south Indian Ocean and wind-
seas originating from a wide variety of wind-generation events (Glejin et al., 2013; Anoop et al.,
2015; Anoop et al., 2016). The studies in the eastern Arabian Sea indicate that wave spectrum is

predominantly multi-peaked due to the coexistence of swells and wind-seas (Sanil Kumar et al.,



2003). The earlier studies (Remya et al., 2012; Sandhya et al., 2014) in the north Indian Ocean show
that the wave hindcast results in the shallow water deviates from the measured value at locations
where wind-seas are superimposed on swells. Hence, we have examined the sensitivity of the
numerical model SWAN nested in WW3 for a location in the eastern Arabian Sea where wind-seas

and swells coexist.
2. Materials and methods
2.1 Study location

The location selected for the study is off Karwar in eastern Arabian Sea (Fig. 1). The location is
exposed to deep-water swells from the south Indian Ocean and the distance of the location from the
west coast of Indian mainland is 5 km. Waves at this location during the non-monsoon period were
swells superimposed on wind-sea and during the monsoon predominance of swells was observed
(Dora and Sanil Kumar, 2015). Hence, multi-peaked spectrum frequently occurred during January to
April, and the single-peaked spectrum was found mainly during the monsoon period (Dora and Sanil
Kumar, 2015). The study location experiences rough sea state (Hs > 1.5 m) during the monsoon
period, and is relatively calm (Hs < 1.5 m) during rest of the year. Further, over an annual cycle, the
sea surface was composed of 36% wind-seas and 64% swells (Dora and Sanil Kumar, 2015). The
tides of the study area are predominantly semi-diurnal and mixed with an average tidal range of 1.58
m during the spring tide and 0.72 m during the neap tide (ITT, 2014).

2.2 Wave model

We used the WW3 version 4.18 developed at NOAA/NCEP (National Centres for Environmental
Prediction) and SWAN 41.01 developed at Delft University of Technology for the wave hindcast
study. WWa3 is one of the effective tools for global and regional scale wave modelling studies and
has been implemented in different parts of the world for studying the wave spectral evolution, air-sea
interactions and non-linear wave-wave interactions in deep water (Tolman, 1989; 1991). SWAN is
developed for estimation of wave parameters in coastal regions (Booij et al., 1999; Ris et al., 1999).
SWAN, which is computationally less efficient in the deep water, uses implicit scheme, whereas
WW3 uses explicit and semi-implicit scheme for source term. So the nesting of SWAN in WW3 is a
convenient option for better simulation of wave parameter in nearshore areas. The model physics and
other details of WW3 are described in several works (e.g. Tolman, 1991; 2008) and that for SWAN
by Booij et al. (1999), Ris et al. (1999) and Chris Bunney (2011).

Two model grids were used for the present study. The coarse grid of WW3 ranges from 70° S to 35°
N and from 20° E to 112° E in 210 x 184 equidistant grids with a resolution of 0.5° (Fig. 1). The
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model domain was finalised after checking the sensitivity connected to the selection of domain for
the wave modelling. Considering only the area above 40° S for the model domain resulted in 17%
error in the simulated Hs in deep water and for the area above 20° S resulted in 20% error whereas
restricting the model domain to be the area above equator resulted in 25% error in the Hs. The fine
grid used in the SWAN model has a domain from 13.50° N to 16.00° N and 72.75°E to 74.74°E in
250 x 199 equidistant grids with a resolution of 0.01°. Nesting of these models enables to simulate
remotely generated swells in the South Indian Ocean propagating into the eastern Arabian Sea, and
to reduce expensive high-resolution grids for the entire domain. The 1-minute resolution bathymetry
data from ETOPO1 (Amante and Eakins, 2009) available from the National Geophysical Data Center
was used in WW3 simulations while the digitised data from national hydrographic chart No. 2008
was used in SWAN simulations to take care of the variations in bathymetry in nearshore areas. The
nested domain for SWAN model encompasses the coastal area off Karwar. The wind data used in the
study is ERA-Interim (Dee et al., 2011) from ECMWF with a temporal resolution of 6-h and spatial
resolution of 0.5° and 0.25° respectively for WW3 and SWAN. Wave frequencies were discretized
from 0.04 to 1 Hz over 25 bins on a logarithmic scale; 36 bins of 10° each were taken for direction.
WW3 was tested with both the source term packages ST2 and ST4 physics and the obtained two-
dimensional energy density spectra were used as the boundary conditions for nearshore model
SWAN. Boundary conditions from WW3 with different physics options were given to the nested
SWAN and the results were compared. The processes activated in SWAN simulations include depth-
induced wave breaking (Hasselmann et al., 1973), bottom friction, wind-wave growth, whitecapping,
quadruplet and triad interactions (Eldeberky, 1996). WW3 uses four time steps: global time step, the
spatial time step, the directional time step, and the source term time step, in seconds. The spatial time

step At,, is determined first, since it is the time step for spatial propagation, and must satisfy the

Courant-Friedrichs-Levy (CFL) criteria. This is determined by the grid’s resolution, the maximum

latitude in the grid, and the first frequency. At,, :§ =123766* Ax*cosd (maxlat)* f (Spindler

g

and Tolman, 2008). The global time step At, is set to be 2 or 3 times At,, approximately. Once the
At, is determined, the directional time step (At, ) is set to 0.5*At, . In the present study, the source
time step is set as 30 s, which is the generally used value.

2.3 Measured data

Measured wave data during January-December 2014 obtained from the Datawell directional

waverider buoy (0.9 m diameter) equipped with a three-component (X, y, z) acceleration sensor and a



two-component (x, y) tilt sensor was used for comparison of the wave hindcast results at nearshore
(15 m water depth) (geographic position 14.8217° N and 74.0524° E). The buoy reports frequency
spectra and directional moments in the frequency range 0.025 to 0.58 Hz every half hour based on
30-minute long records of x, y and z-displacements. The frequency bandwidths of the spectra are
0.005 Hz below 0.1 Hz and 0.01 Hz above 0.1 Hz. The details of the wave data analysis are
presented in Sanil Kumar et al. (2014).

The measured wave data collected in the AS using a moored Seatex buoy (Oceanor, Norway)
(Premkumar et al., 2000) at 3000 m water depth in AD2 location (15.0000° N; 69.0000° E) during
June-December 2009 was used for the comparison of the hindcast Hs in deep water. The heave data
was recorded at 2 Hz interval for 17 minutes duration and from the recorded heave data, the wave

spectrum was obtained through fast Fourier Transform and the Hs was estimated from the zeroth

spectral moment (mo) as Hs=4.,/m, .

Model results are statistically compared with measured buoy data using Pearson’s linear correlation

coefficient (r), BIAS, root-mean-square error (RMSE), and scatter index (SI).
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Where Ai represents the parameter based on the numerical model, Bi represents the measured

parameter, N is the number of data points, and the overbar represents the mean value.
3. Results and discussion

To evaluate the performance of WW3, simulated values of Hs and mean wave period (Tmo1) Were
compared with the measured values at a deep water location. Several test simulations were carried

out using the physics packages ST2 and ST4 in WW3. The results show that ST4 simulation results



in an underestimation of 8.28% for Hs and an overestimation of 8.2% for Ty, while ST2 simulation
results in an overestimation of 10.52% for H and an overestimation of 23.7% in Ty (Fig. 2). At this
location, Hs was above 3 m during June and July with the maximum measured value of 6.5 m,
whereas the maximum simulated Hs was 5.5 m (Fig. 2). A comparison of the time series of Hs from
the WW3 model and measurement (Fig. 2a) suggests that they give comparable results except during
high waves. It is observed that the simulation of high waves with Hs more than 4 m was
underestimated (~9.87 %) by the numerical model. The scatter plots for different wave parameters
are also presented in Fig. 2 and the comparison statistics for wave parameters were calculated and
presented in Table 1. Since the high waves (Hs > 4 m) were underestimated by WW3, the
simulations were repeated by increasing the wind speed by a factor of 5 and 10% during June and
July when the high waves persist. It was observed that on increasing the ERA-Interim wind speed by
5% during June and July, the Hs underestimation reduced from 8.57% to 2.22%. Increasing the ERA-
Interim wind speed by 10% during June and July , the Hs overestimated by 4.41%.

SWAN simulation was carried out with the third generation non-stationary mode at 30-minute time
step. Many simulations were carried out for choosing appropriate physics for the SWAN model also.
An example showing the estimated Hs based on the simulations with different formulations in
SWAN during the monsoon period is presented in Fig. 3. Three different whitecapping formulations
(i.e., Komen et al., Janssen, and Westhuysen) were also tested. The statistical parameters for the
respective simulations are given in Table 2. Komen et al. (1984) whitecapping formulation was
found suitable based on the sensitivity studies of SWAN. The quadruplet and triad wave-wave
interactions were also activated. The quadruplets can be integrated by four different numerical
procedures; quad 1 (semi-implicit computation of the nonlinear transfer with DIA per sweep), quad 2
(fully explicit computation of the nonlinear transfer with DIA per sweep), quad 3 (fully explicit
computation of the nonlinear transfer with DIA per iteration), quad 8 (fully explicit computation of
the nonlinear transfer with DIA per iteration, but neighbouring interactions are interpolated in
piecewise constant manner). All these options were tested and found that the variations in the
estimated Hs were negligible. Hence, the default quad 2 was used in the study. Other parameters
found suitable for the study location were; JONSWAP formulation with gamma 0.038 m? s for
bottom friction and Battjes & Janssen model for depth-induced wave breaking with values of 1 for
alpha and 0.73 for gamma. The Hs Tmo2 and mean wave direction (Dir) from nested SWAN model

were extracted for the study area for the year 2014.

To evaluate nested model’s performance, a detailed validation study is performed by comparing

model-simulated wave parameters with corresponding buoy observations in the nearshore for one



year period covering different seasons. Fig. 4 represents the comparison between measured and
model-simulated wave parameters off Karwar during 2014. It is observed that for certain periods, the
hindcast Hs and measured data are in good agreement (Fig. 4). Simulation results showed that 1.3%
of the waves have Hs more than 3 m, whereas the observations show that 2.5% of the waves belong
to this category. Dir and Tmg, are showing the variations similar to the measured values, but with
larger deviations (Figs. 5 and 6). During high sea state (Hs>2m), an overestimation (~19.8% for ST2
and ~21.4% for ST4) and during low sea state (H;<1.0m), an underestimation (~16.1% for ST2 and
~31.5% for ST4) in mean wave period was observed in the nearshore based on the nested model. The
measured data shows that 88% of the time waves were from the sector between south and west,
whereas the model results show that 91% of the time they were from the same sector. The statistics
of each wave parameter for comparing the model efficiency are calculated and are presented in Table
3.

Since there is a large seasonal variation in wave parameters of the study area (Dora and Sanil Kumar,
2015), we separated the data for different seasons to know the seasonal bias during; pre-monsoon
(FMAM), monsoon (JJAS) and post-monsoon (ONDJ) period and the scatter plot between measured
and hindcast data off Karwar are presented (Fig. 7). The comparison statistics for wave parameter
were calculated for pre-monsoon, monsoon, post-monsoon separately and presented in Table 3.
During monsoon period, the 6-h measured Hs range from 0.60 to 4.02 m with a mean value of 1.87 m
and standard deviation (SD) of 0.69 m, whereas the simulated values range from 0.76 to 3.56 m with
a mean value of 1.90 m and SD of 0.61 m. For the pre-monsoon season, the measured H, ranges from
0.35 m to 1.40 m with mean value of 0.76 m and SD of 0.18 m, and that of the model were 0.50 m to
1.23 m with mean value of 0.78 m and SD of 0.16 m. In the case of post-monsoon, 0.29 m to 1.55 m
and 0.47 m to 1.26 m were the ranges of measured and modeled Hs with mean values of 0.61 m and
0.71 m respectively. The SD during the post-monsoon was 0.21 and 0.14 m for measured and
modelled Hs. In the North Indian Ocean, higher SD was observed during monsoon compared to other
seasons (Anoop et al., 2015). The study shows that the seasonal mean Hs values obtained from the
nested model was close to the measured values. Similarly the difference between the annual mean
value of measured (~1.08 m) and modelled (~1.13 m) Hs was small. It can be seen that for monsoon
period, the scatter index is minimum, and correlation is high compared to pre and post-monsoon
periods. One possible reason for this is; during the monsoon period, the swells are the major forcing,
whereas, during the pre-monsoon, sea breeze has an impact on the diurnal cycle of the sea state of
the eastern Arabian Sea (Neetu et al., 2006; Glejin et al., 2013). The large scale wind data used in the



study may not represent the coastal land/sea breeze effect and hence resulted in large deviations in

wave period during the pre and post-monsoon periods.

Similarly, the comparison between the model-simulated parameters using ST4 physics and measured
ones was carried out. The statistical parameters were calculated for the year 2014 and are given in
Table 3. The simulated Hs were overestimated (11.2%) by ST2, whereas it was underestimated
(0.48%) by ST4. The Tmg, and peak wave period (T,) were underestimated using both ST2 and ST4
during the pre- and post-monsoon seasons (Table 3). In the case of Tmg,, ST4 simulation is more
acceptable than ST2. The scatter plot for different seasons using ST4 is shown in Fig. 8. Moeini et
al. (2010) applied the ECMWF and the measured wind data for wave modeling in the Persian Gulf
using the SWAN model and observed overestimation of the low wave heights by model due to the
overestimation of low wind speeds and underestimation of the high waves due to the high wind
speed underestimation by ECMWEF. The ERA-Interim wind data used in the study at the deep water
point in the Arabian Sea is compared with the buoy measured wind data and is presented in Fig. 9.
Since the measured wind data was at ~ 3 m from the mean sea level (MSL), the wind data was
converted to 10 m elevation with respect to MSL based on the wind profile power law (Roland,
1988) as per Uz = Ur * (Z/R)* , where Uz is the wind speed at Z elevation, U is the wind speed
measured at R elevation, and o is the power law exponent and is equal to 1/7. The discrepancy
between ERA-Interim and measured wind field are shown in Fig. 9. Winds of ERA-Interim are
averaged for 0.75° x 0.75°, whereas the measured data is at a point. Another reason for the error in
the simulated wave parameters is due to the fact that the model output is at 20 m water depth,
whereas the measured parameters are at 15 m. Along the west coast of India, Aboobacker et al.
(2013) reported that between 25 and 15 m water depth off Goa and between 35 and 15 m depth off
Ratnagiri during the pre-monsoon period, the reduction in significant wave height is less than 10%.
Amrutha et al. (2015) reported that during 18 April - 18 August, the Hs at 9 m water depth is
approximately 15% less than the value at 30 m.

During monsoon period, the mean wave direction is well simulated by the model mainly due to
accurate prediction of south-westerly and westerly winds. But during the non-monsoon period, the
numerical model fails to produce the north-west wind-sea (Fig. 7). Along the eastern Arabian Sea,
during the non-monsoon period, coexistence of wind-sea and swell are observed with predominance
of swells (Glejin et al., 2013; Sanil Kumar et al., 2014; Dora and Sanil Kumar, 2015) and hence,
measured data shows two peaks; south-west swells and the north-west wind-sea, but the simulated
data shows mainly the south-west swells. The wind rose diagram for the year 2011 shows that winds

were from the sector between north and west during 33% of the time in the measured data, whereas it
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was 27% in the ERA-Interim data. Both the data sets shows 30% of the winds from the sector
between south and west (Fig. 9). Hence, the numerical model could not produce the north-west wind-

sea. This also resulted in low correlation between the measured and model simulated Tp,.
4. Conclusion

The significant wave height and mean wave period obtained from the WW3 model were compared at
a deep water point with measured buoy data. In the deep water, a large overestimation (~23.7%) of
mean wave period was observed using ST2 compared to ~8.2 % using ST4. The wave parameters
(significant wave height, mean wave period and mean wave direction) were simulated in the
nearshore off Karwar using SWAN nested with WW3 and compared the results with the measured
data at 15 m water depth. The simulated results for the year 2014 shows that the nested model can
estimate the significant wave height (Hs) comparable to the observed data. The comparison result of
the rest of the parameters is not as accurate as Hs. The model simulates Hs to a good level of
accuracy using both ST2 and ST4 physics of WWa3. In the case of mean wave period, ST4 simulation
IS more acceptable than ST2. During the monsoon season, the scatter index of estimated wave
parameters is minimum, and correlation is high compared to the non-monsoon period since during
the monsoon period the swells are dominated. WW3 model forced by modified wind field during
June and July resulted in the reduction of underestimation of significant wave height from 8.6% to
2.2%. From the figures and statistics presented in this article, it is concluded that the results are
reasonably good. Thus, the various model parameters, model setup and bathymetry identified for the
study area can be used in the near-shore wave simulation for improving the ocean state forecast

given out by operational agencies.
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Table 1. Statistics for significant wave height and mean wave period from the wave model WW3
using ST4 physics compared to measurements from the buoy at deep water location during July-

December 2009

Statistics Significant wave height, Hs Mean wave period, Tmo1
(m) (s)
BIAS -0.19 0.61
Correlation coefficient 0.97 0.59
RMSE 0.38 1.47
Sl 0.16 0.17

Table 2. Statistics for significant wave height based on different whitecapping formulation in SWAN
compared to measurements from buoy in nearshore

Formulation BIAS Correlation RMSE

(m) coefficient (m) Sl
Komen 0.08 0.92 0.29 0.16
Westhuysen -0.35 0.90 0.48 0.26
Janssen 0.17 0.91 0.34 0.18

Table 3. Statistics for significant wave height, mean wave period, peak wave period and mean wave
direction from SWAN nested with WW3 using ST2 and ST4 physics and measured data in different

seasons off Karwar during 2014

Statistical ~ season ST2 physics in WW3 ST4 physics in WW3

parameter Hs Tmo2 Tp Dir Hs Tmo2 Tp Dir
(m)  (s) () (deg) (m) () () (deg)
Pre-monsoon  0.03 -086 -020 1423 -0.07 -162 -0.06 15.16
BIAS Monsoon 0.03 114 -0.31 3.31 0.02 1.04 -0.73 3.47
Post-monsoon 0.10 -0.84 0.88 3.83 -0.01 -1.59 0.20 6.63
Full year 005 -0.18 013 698 -0.02 -0.71 -0.20 8.29
Pre-monsoon  0.65 0.42 0.35 0.57 0.70 0.33 0.46 0.59
Correlation Monsoon 0.92 066 055 060 092 058 060 059
coefficient ~post-monsoon  0.78 053 010 056 083 053 053 053
(r) Full year 096 067 029 056 096 064 052 055
Pre-monsoon  0.14 1.35 3.85 31.23 0.15 1.87 3.60 31.28
RMSE Monsoon 0.28 138 232 1373 027 142 225 1384
Post-monsoon 0.17 1.36 458 25.26 0.12 1.90 298 26.75
Full year 0.21 1.36 3.71 2436 0.19 1.74 299 2494
Pre-monsoon  0.19 0.28 0.31 0.13 0.20 0.38 0.29 0.13
S Monsoon 0.15 023 020 006 014 023 019 006
Post-monsoon 0.28 0.28 0.38 0.11 0.20 0.38 0.25 0.11
Full year 0.19 0.26 0.31 0.10 0.8 0.33 0.25 0.10
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Figure 1. Locations of wave measurements (AD02 and Karwar) and model domain for WWS3.
The small rectangle around Karwar shows the model dsomain for SWAN.
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